SUMMARY : The metabolism of methoxylated aroniatic compounds by the soil fungi Naplographiurn sp., Hormodendrum sp. and Penicillium sp. has been investigated. A study of rates of decomposition of mono-methoxybenzoic acids by Iiormodendrum sp. revealed that they are most rapidly attacked in the order para (p), meta (m) and ortho (0). In respiration studies with all three fungi the p form was again found to be metabolized most rapidly. In the initial stage of attack the methoxyl group is replaced by a hydroxyl group. Penicillium sp. also formed p-methoxyphenol from p-methoxybenzoic acid. A study of the rates of metabolism of monohydroxybenzoic acids revealed that they are attacked in the same order as the monomethoxybenzoic acids. p-Hydroxybenzoic acid formed from p-methoxybenzoic acid is further metabolized to protocatechuic acid by Iiormodendrum sp. and Penicillium sp. When veratric acid (3:4-dimethoxybenzoic acid) is incubated with Hormodendrum sp. and Penicillium sp. the methoxyl group in the p position is replaced by a hydroxyl group to give vanillic acid. All three fungi formed two unidentified phenolic compounds from 2 :LE-dimethoxybenzoic acid. The possible significance of the results in the decomposition of lignin in soil is discussed.
Metabolism of methoxylated compounds by f i m g i operations were carried out aseptically. After further incubation periods the solutions were analysed.
Chromatographic analysis. In this instance 0.1 yo (w/v) solutions were used beneath the fungal mats. At intervals, usually over a period of about 12 days, a flask was removed from the incubator and the solution was poured off, filtered, acidified and extracted 3 times with 10 ml. ether. The ether was removed and the residue dissolved in ethanol and applied to No. 1 Whatman filter-paper. Each solution was spotted 8 times by means of a capillary pipette. The papers were developed by the descending method using n-butanollamrrionia (sp.gr. 0-880)/water (80/5/15 vol.) over a period of 16 hr. a t 21'. Two papers were used for each extract, one being sprayed with diazotized sulphanilic acid (Bray, Thorpe & White, 1950) for detection of phenols, the other with a buffered spray (Fewster & Hall, 1951) for detection of acids.
For this purpose 0.01 M solutions were used beneath the fungal mats and 1 ml. samples removed aseptically from each flask a t intervals of a few days, the frequency of sampling being governed by the rate of disappearance of the compound under investigation. The samples were diluted to 5 ml. and the disappearance of the compounds followed by studying their absorption in the ultraviolct region.
Methozgl determination. The solution (initially 0.01 M ) was decanted from the flask and the mat washed 3 times with distilled water. The solution and washings were filtered and evaporated to dryness over a water-bath. The residue was further dried in a vacuum desiccator until of constant weight. The methoxyl determination was then carried out by the method of Vieboch & Brecher (1930) . To determine their methoxyl content the mycelial mats were dried in a vacuum desiccator, powdered and weighed. The powder was returned to the dcsiccator and left until its weight became constant. Methoxyl determination was then carried out as above.
Respiration studies. The spores were incubated overnight in the presence of mineral salts, buffer and yeast extract. These solutions and the conditions and methods were as previously described (Henderson, 1956) . Solutions of the substances under investigation were tipped in from the side-arms on the following morning.
Spectrochernical analysis.
RESULTS
Metabolism of monomethoxybenxoic acids by soil fungi Decomposition of monomethoxybenxoic acids. Mycelial mats of Horwaodendrum sp. were incubated on 0-01iv solutions of the three monomethoxybenzoic acids brought to pH 6.5. Samples were removed from the flasks a t intervals, and the disappearance of the acids was followed by the decrease in absorption in acid solution in which the maxima for 0-, m-and p-methoxybenzoic acids are at 296, 296 and 257 mp., respectively. The results showed that p-methoxybenzoic acid was much more rapidly attacked than were the o and m compounds. After 14 days the concentration of p-methoxybenzoic acid was reduced to 9.8% of the original concentration, while 71.5% of m-methoxybenzoic acid and 89 yo of o-methoxybenzoic acid remained.
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Respiration studies with monomethoxybenxoic acids. At 0.0083 M concentrations of the acids (Table I) , Haplographiurn sp. and Hormodendrum sp. showed increased oxygen uptakes which were greatest in the presence of the p form. I n the presence of the o and m forms the uptakes by Haplogruphium sp. were similar, while Hormodendrum sp. gave a marked increase with the m form only. When the concentration of the acids was decreased to 0 . 0 0 1 7~ the oxygen uptakes by Hormodendrum sp. in the presence of all three were correspondingly decreased. The small uptake with o-methoxybenzoic acid a t the higher concentration was therefore indicative of a low ability to attack this acid and was not a result of an inhibitory concentration. The oxygen uptake by Penicillium sp. was markedly inhibited by 0-and m-methoxybenzoic acids a t 0 * 0 0 8 3~, while in the presence of p-methoxybenzoic acid at the same concentration it was similar to that of the control. When the concentration of the acids was decreased to give a final Concentration in the vessels of 0.0017>1, the inhibition by the o and m acids was decreased. At 0 -0 0 1~ the oxygen uptake in the presence of either acid was greater than that of the control. Conversion of methoxy to hydroxy groups in monomethoxybenxoic acids. An investigation of the products of decomposition of the monomethoxybenzoic acids was made by paper chromatography. Mycelial mats of Haplographiunz sp., Hormodendrum sp. and Penicillium sp. were incubated on 0.1% (w/v) solutions of 0-, m-and p-methoxybenzoic acids. The solutions were extracted and analysed by paper chromatography a t intervals of a few days and in each case the corresponding hydroxy-acid was found in the extract. Only faint traces of 0-and p-hydroxybenzoic acids were formed, but very strong spots of m-hydroxybenzoic acid were obtained. In addition to 0-hydroxybenzoic acid, Haplographiurn sp. and Penicillium sp. produced from o-methoxybenzoic acid an unidentified substance which reacted with diazotized sulphanilic acid to give a purple spot of Rp 0.13. Also, from p-methoxybenzoic acid, Penicillium sp. formed p-methoxyphenol, visible on the papers sprayed with diazotized sulphanilic acid as a lilac spot of RF 0.94.
Confirmation of the m-methoxybenzoic+m-hydroxybenzoic acid conversion was obtained by spectrochemical analysis. The extract from a culture in which Haplographium sp. had been incubated over m-methoxybenzoic acid for 2 days was applied 6 times to each of 5 spots on a chromatography paper. The paper was developed with butanol/ammonia/watcr, dried, and a strip cut from each side. One strip was sprayed with diazotized sulphanilic acid, the other with buffered indicator spray so that the hydroxy acid and residual methoxy acid could be located. The corresponding portion of the paper containing the hydroxy acid was then cut out and the acid extracted by cutting this portion into smaller strips which were immersed in 5 ml. 0.1 yo (w/v) NaOH maintained a t 50" for 15 min. This solution of the acid was then cooled and examined by U.V. spectrometry. The extract showed the maxima of m-hydroxybenzoic acid a t 297 mp. (acid solution) and at 312 mp. (alkaline).
The formation of p-methoxyphenol from p-methoxybenzoic acid was also confirmed in a similar manner. The extract, which contained residual pmethoxybenzoic acid and p-hydroxybenzoic acid in addition to p-methoxyphenol, was dissolved in ether and extracted twice with 1% (w/v) sodium bicarbonate solution to remove the acids. The ether layer was then washed once with slightly acidified water and once with water. The ether was removed and the residue used for spectrochemical analysis. Its ultraviolet and infrared spectra were the same as those of authentic p-methoxyphenol.
The fate of the methoxyl group on conversion of monomethoxy to mono~y~r o x~~e~~o~c acids. This was studied by estimating the methoxyl content of a solution of p-methoxybenzoic acid after 6 days of incubation under a mat of Hormodendrum sp. Spectrochemical analysis showed that by this time the concentration of the acid was decreased to 30 yo of the original concentration.
Therefore a comparison of the total residual methoxyl content with the residual methoxy-acid content would indicate whether the methoxyl group was being transferred to another molecule or whether it was being removed entirely from the solution. Chemical analysis in fact showed that the methoxyl content had been decreased to 31.29y0 of the original concentration, a figure which corresponds closely with the decrease in concentration of the acid.
It was thought possible that the methoxyl groups were being transferred to the mycelium in some way and accuniulating there. I n order to examine this possibility two mycelial mats of Hormodendrum sp., treated in a similar manner except that one was incubated over p-methoxybenzoic acid and the other over distilled water for 6 days, were washed, dried and powdered. Estimation of the methoxyl contents of the powders revealed that the different mats had the same methoxyl content, 0.586% for that incubated over the methoxy acid and 0.581 yo for that incubated over distilled water. These results indicate that if the methoxyl group were being transferred to another molecule, as seems probable, this molecule did not accumulate but was rapidly decomposed. A further possibility is that a volatile compound was being released. Attempts to trap and identify volatile products were not successful.
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Metabolism of hydroxybenxoic acids formed from methoxybenxoic acids Decomposition of monohydroxybenxoic acids. To follow the relative rates of disappearance of the hydroxybcnzoic acids, mats of Hormodendrum sp. were incubated over 0 . 0 1~ solutions of the three acids brought to pH 6.5 and samples were removed at intervals for spectrochemical analysis. The disappearance of the acids was followed by the decrease in their absorption in alkaline solution in which the maxima for 0-, m-and p-hydroxybenzoic acid are 296, 311 and 280mp., respectively. The results showed that m-and p-hydroxybenzoic acids were quickly metabolized and after 10 days the latter had almost disappeared while the former was decreased to 7 % of the original concentration. Salicylic acid was removed much more slowly, and after 10 days 5 7 % of the original amount was still present. Respiration studies with monohydroxybenxoic acids. These acids were all oxidized by the four fungi (Table 2) , with the exception of o-hydroxybenzoic acid which was inhibitory towards Penicillium sp. at the concentration used. The remaining fungi oxidized o-hydroxybenzoic acid more rapidly than they oxidized m-hydroxybenzoic acid. Of the three acids, p-hydroxybenzoic was oxidized most rapidly by all four fungi.
Further conversion of monohydroxybenxoic acids. It is well established for bacteria that p -hydroxybenzoic acid is converted to protocatechuic acid (3:4-dihydroxybenzoic acid) before rupture of the ring, with the subsequent formation of j?-ketoadipic acid (Evans, 1947; Evans, Parr & Evans, 1949) . Walker & Evans (1952) showed that Pseudomonas fluorescens grown on m-hydroxybenzoic acid was simultaneously adapted to gentisic acid ( 2 5 -dihydroxybenzoic acid). They did not identify the product of ring cleavage. Evans (1947) found that Vibrio sp. converted m-hydroxybenzoic acid to protocatechuic acid. According to Walker & Evans the pathway of oxidation of salicylic acid by Ps.JEuorescens is of a different type and organisms grown on this acid were simultaneously adapted to catechol and to the conversion of t a b o l i s m of methoxylated compounds by fungi cis-cis muconic acid to P-ketoadipic acid. Evans fround that Vibrio sp. had no action on salicylic acid, Haplographium sp., Hormodendrum sp. and Penicillium sp. were incubated on solutions of the acids, and the solutions were examined by paper chromatography as before. From Hormodendrum sp. and Penicillium sp. cultures on p-hydroxybenzoic acid spots with EF corresponding to that of protocatechuic acid were obtained after incubation periods of 2 and 6 days. The spot from the %day Hormodendrum sp. culture was extracted from the paper by the method already described for the extraction of m-hydroxybenzoic acid. I n this instance the solvent used to obtain separation of protocatechuic acid from residual p-hydroxybenzoic acid was n-propanol/ammonia/water (80/5/15 1701.). The protocatechuic acid was extracted from the papers with borax phosphate buffer (pH 7) and phosphate buffer (pH 6.9). I n borax buffer the maxima obtained were at 293 and 253 mp. (Swain, 1954) and in phosphate buffer at 250 mp. These are identical with the maxima of authentic protocatechuic acid. There was no trace of protocatechuic acid in Haplographium sp. cultures.
Metabolism of di-and tri-methoxybenxoic acids Respiration studies. These were carried out with 2:4-and 3:4-dimethoxybenzoic acids and 3:4:5-trimethoxybenzoic acid (Table 3) . Only Haplographium sp. and Hormodendrum sp. showed any increase in oxygen consumption. These increases were small compared with those obtained in the presence of the mono- methoxybenzoic acids. Thus Haplographiurn sp., which gave marked increases with the 0-, m-and p-methoxybenzoic acids, gave a small increased uptake only with 2:4-dimethoxybenzoic acid. Similarly, Hormodendrum sp., which showed marked increases with m-and p-methoxybenzoic acids, gave only small increases with the dimethoxybenzoic acids. Penicillium sp. was inhibited by all the acids at 0 . 0 0 8 3~, but the inhibition was not obtained when the
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concentration of the acids was reduced to 0*0017 M (cf. monomethoxybenzoic acids). Decomposition of veratric acid. The metabolism of veratric acid (3:4-dimethoxybenzoic acid) by Penicillium sp. was followed further by absorption spectrometry. A mat of the fungus was incubated on a 0 . 0 1~ solution of the acid brought to pH 6.5. Paper chromatography indicated that vanillic acid was formed from veratric acid by Penicillium sp. (see later) and confirmation of this was obtained by absorption spectrometry. The disappearance of the dimethoxy acid was followed by the decrease in absorption a t its maximum a t 252 mp. in alkaline solution, while the formation of vanillic acid was traced by the increase in absorption at its maximum at 300 mp. in alkaline solution. The concentration of veratric acid fell to 79% of the original concentration after one day and thereafter it fell slowly to 39.5% of the original after 21 days. Vanillic acid reached its maximum concentration (1.1 x M ) after 1 day, and thereafter its concentration fell very slowly and was decreased to half of the above concentration after 21 days. Previously evidence was obtained (Henderson, 1956 ) that vanillic acid was oxidized by an adaptive enzyme, which may explain the initial accumulation of the acid when formed from veratric acid followed by a gradual diminution in concentration after the formation of the necessary enzyme.
Conversion of methoxy to hydrozy groups in di-and tri-methoxybenxoic acids.
Conversion of the methoxy group in the p position of veratric acid (3:4-dimethoxybenzoic acid) took place in the presence of Penicillium sp., a strong spot of vanillic acid (3-methoxy-4-hydroxybenzoic acid) being visible on the paper chromatogram after 3 days. Traces of vanillic acid were also present in Hormodendrum sp. cultures but none could be identified in HapEographium sp. cultures.
The three fungi Haplographium sp., Hormodendrum sp. and Penicillium sp. each formed from 2:4-dimethoxybenzoic acid a substance which gave an orange-brown spot of Rp 0.38 with diazotized sulphanilic acid. I n addition, an orange spot of Rp 0.13 was obtained particularly with Penicillium sp. It was not found possible to identify these products by the techniques available.
Conclusive results could not be obtained with 3:4:5-trimethoxybenzoic acid.
It was expected that conversion of the methoxy group in the p position (as with 3:4-dimethoxybenzoic acid) would give rise to syringic acid. Faint traces of this acid (R, 0.06) were identified from HapEographium sp. and Penicillium sp. cultures. In addition, a faint orange spot of Rp 0.12 was present in cultures of all four fungi; this compound was not identified.
iMetabolism of dihydroxybenxoic acids A series of respiration experiments was carried out with the six dihydroxybenzoic acids. All three fungi gave small increases in oxygen consumption in the presence of most of the acids. It was, however, not possible to place the acids in any order according to the rates a t which they were oxidized.
DISCUSSION
In this study of the de-methoxylation of aromatic compounds by fungi the following conversions have been shown to take place: In addition evidence has been obtained by paper chromatography that 0-and p-methoxybenzoic acids are also converted to the corresponding hydroxybenzoic acids. It is possible that de-methoxylation takes place by a , transference of the methyl group, Little is known concerning such a process in fungi although a number have been shown to form trimethylarsine from arsenic compounds (Challenger, 1945) . Transmethylation systems exist in animal tissues, and methyl groups can be transferred from compounds such as choline and betaine (Challenger, 1945) . In the present work analysis of the solution and mycelial mat showed that the total methoxyl content of the solution was being decreased, and that there was no accumulation of methoxyl groups in the mycelial mat. Therefore, if transmethylation were occurring the product formed must haw been rapidly metabolized or a volatile compound may have been produced, but attempts to trap any such products were not successful.
The formation of protocatechuic acid from p-hydroxybenzoic acid has not been demonstrated before for fungi. However, this step is well established in the metabolism of p-hydroxybenzoic acid by bacteria and the present work indicates that the fungi used here metabolize this acid by a similar pathway. It has not yet been possible to identify the products formed on rupture of the benzene ring.
Also of interest is the fact that a methoxybenzoic acid is most rapidly attacked when the methoxyl group occupies the position para to the carboxyl group. This was shown by spectrochemical analyses and by respiration studies.
Experiments with the hydroxybenzoic acids also showed that the p acid was most rapidly metabolized. Furthermore, the conversion of veratric acid to vanillic acid revealed that a methoxyl group in the p position is preferentially attacked. These results may be compared with those of Gundersen & Jensen (1956) who, in a study of the decomposition of nitro-phenols, came to the conclusion that p-orientation of the groups is important.
PeniciZZiurn sp. differed from the other fungi in forming p-methoxyphenol from p-methoxybenzoic acid, in addition to p-hydroxybenzoic acid. There was no evidence of a similar conversion of the other methoxybenzoic acids by this fungus. This reaction is similar to that obtained by Sloane, Crane & Mayer
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A ! . The ability of the present soil fungi to demethylate compounds in which the methoxyl group is attached to the benzene ring may be an important factor in the transformation of lignified plant materials taking place in soil. Onc feature of this transformation is the reduction of the methoxyl content which Breger (1951) attributes (for peat) to biochemical removal of the methyl groups from lignin with the production of methane and phenolic hydroxyl groups. 
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